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Abstract. We study the response of the solar atmosphere to ex-
citations with adiabatic large amplitude acoustic waves. Both
monochromatic waves and acoustic spectra are considered. For
monochromatic excitation a critical frequency v, is found
which separates different domains of resonance behaviour.
Upon excitation with frequencies v < v, the atmospheric res-
onance decays rapidly with time as in the small amplitude wave
case, while for v > v, persistent resonance oscillations occur
which are caused by shock overtakings. Excitation by acoustic
spectra always leads to the v > v, behaviour. Independent of
the spectral shape and energy, acoustic spectra generate oscil-
lations mainly at frequencies ¥ = 6 — 7 mHz at the top of the
chromosphere. The photospheric 5-min oscillation does not in-
fluence our chromospheric results. Shock heating by acoustic
spectra is roughly similar to that of a monochromatic wave of
period 35 s. Irrespective of the initial spectral shape and energy
and even of the gravity and effective temperature of the star, a
universal average shock strength Mg = 1.5 is found. Due to
our adiabatic treatment, the atmospheric slabs suffer extension
which grows with wave energy.

Key words: hydrodynamics — shock waves — waves — Sun:
chromosphere — Sun: oscillations

1. Introduction

The pronounced signal of velocity and temperature fluctuations
in the solar chromosphere, seen in the Ca Il H and K, Ho and the
Ca Il infrared triplet lines, is one near 3 min (v = 5.5mHz). For
recent detailed reviews of the 3 min oscillations see Deubner
(1991), Fleck & Schmitz (1991) as well as Rutten & Uiten-
broek (1991). Fleck & Schmitz (1991) were the first to show
that the 3-min oscillation, instead of being a cavity mode, is
explained simply as the basic cut-off frequency resonance of
the chromosphere. This view has been confirmed by Kalkofen
et al. (1994) as well as by us (Sutmann & Ulmschneider 1994,
henceforth called Paper I). The atmospheric resonance is due
to a local oscillation of gas elements around their rest position

in hydrostatic equilibrium, while cavity modes depend on the
detailed geometrical extent of the cavity.

However, it has been recognized (Rammacher & Ulm-
schneider 1992; Fleck & Schmitz 1993; Kalkofen et al. 1994)
that this resonance behaviour, which can readily be deduced
both analytically and numerically in the case of small amplitude
perturbations of the atmosphere, is not yet fully understood in
cases where the perturbation amplitudes are not small. In such
cases shocks occur which, by the process of shock overtaking,
can greatly modify the atmospheric response.

In this second paper we intend to complement and extend
the work of Fleck & Schmitz (1993) as well as Kalkofen et
al. (1994) and study in greater detail the response of the solar
atmosphere to large amplitude acoustic wave perturbations. In
particular we investigate the response of the atmosphere to the
excitation by monochromatic short period waves as well as by
several types of wave spectra, where most frequencies lie above
the cut-off frequency. We also discuss cases with a superposed
photospheric 5 min oscillation and study the mechanical en-
ergy dissipation behaviour. In Sect. 2 we outline our numerical
methods. Section 3 presents the results while Sect. 4 gives our
conclusions.

2. Method
2.1. Wave calculations and Fourier analysis

The method of wave computation has been described in Pa-
per I and we refer to that paper for further details. The time—
dependent hydrodynamic equations are solved for an atmo-
spheric slab using the method of characteristics. We follow the
development of the originally linear wave (introduced at the
bottom of the atmosphere by a piston) to the point of shock
formation and beyond. The shocks are treated as discontinuities
and are allowed to grow to arbitrary strength. They are also per-
mitted to overtake one another. The main difference to Paper I
is that we now assume larger, realistic acoustic wave fluxes in
the range Fiy = 1-10°% to 1 - 10° erg cm~2s~! which lead to
shocks. However, similar to Paper I, we neglect radiation effects
and assume adiabatic conditions.
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The use of Fourier analysis and the evaluation of velocity
power spectra is the same as described in Paper I and we refer the
reader to that paper for details. The only difference compared
to Paper I is that we now frequently have to interpolate at points
close to shock discontinuities in order to obtain an equidistant
time- and height grid. Regions away from the shocks are inter-
polated with the method of weighted parabolas as in Paper I,
while regions close to shocks are interpolated linearly.

2.2. Atmosphere models

As it was shown for the linear case in Paper I the resonance
behaviour of the solar atmosphere depends on the type of the
atmosphere model. To study the nonlinear behaviour we have
selected four types of models shown in Fig. 1. We take a pure
H™ radiative equilibrium model, a combined H™ and Mg II k
radiative equilibrium model, model C of Vernazza et al. (1981)
and an isothermal model with 7" = 5000 K. The radiative equi-
librium models have been constructed using temperature cor-
rection procedures discussed by Cuntz et al. (1994).

2.3. Wave spectra

At the bottom boundary, velocity fluctuations are prescribed by
using a piston. Similarly to the cases discussed in Paper I we have
selected four types of frequency spectra with N +1 = 101 partial
waves each. The frequencies w,, = 27y, of the partial waves are
usually chosen such that one has equidistant intervals v;4; —v; =
0.5 mHz around a central frequency wy/, = 2m/35 Hz. The
piston velocity is prescribed by the superposition

N

u(t) =c Z M, sin(wypt + p,) €))]
n=0

where the M, are Mach numbers of the partial waves and the ¢,
arbitrary but constant phase angles. As the velocity amplitude
at the piston is small, the mechanical energy flux Fjs can be
written using linear theory

1 (T,
Fy=— dt
M T/opu

1 T N I (2)
= T / pc’ Z (M, sin(w,t + apn))2 cos apdt
0

n=0

where T is an arbitrary but sufficiently long time for the time
averaging, p’ the complex pressure perturbation, u the complex
velocity amplitude, p the density and a, the phase shift between
velocity- and pressure fluctuations given by

wa

o, = arctan | ———— , 3)
2 2

Wp — Wy
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Fig. 1. Temperature distribution of various solar atmosphere models
used in this paper

where w4 = 7g/(2c) is the acoustic cut-off frequency at the
bottom of the atmosphere. As we want to study the behaviour
of different velocity spectra under similar initial conditions, we
normalize the velocity amplitudes to a given acoustic energy
flux. So we take for the Mach numbers of the partial waves

F
Mn=q,/p—2§ Flwn) )

where ¢ is a normalization factor and f(w,,) a spectral distribu-
tion function of the partial waves described below. The normal-
ization factor ¢ is chosen such that upon introduction of Egs.
(3) and (4) into (2), the prescribed flux F'; is obtained. The
mechanical energy flux was chosen in the range F; = 1 - 10°
to1-10° ergem™2s7!.

For the four different spectra we choose four different dis-
tribution functions f(w,,).
a) Box spectrum: all partial waves have a constant amplitude
given by the Mach number My,. We take

flwn) =AM &)

over the prescribed frequency interval Aw = wy — wy. Here
and in the following cases the quantities ./ denote normaliza-
tion factors which arise from the fact that we want f(w,,) to be
normalized to one.

b) Gauss spectrum: the partial waves are distributed in a Gauss
distribution around a central frequency wo. We use

_ (wn - WC‘)2 }

2
2wk

Fwn) = N oxp { ©)

where usually we = wy/2 = 27/35 Hz was chosen. The width
of the Gaussian distribution was chosen as w, = 2w 4.

c) Random spectrum: the partial waves have randomly chosen
amplitudes, here we have

f(wn) = /’{?.Z(wn)MOO ) @)

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1995A%26A...294..241S&amp;db_key=AST

[T99DARA © Z94. 24150

G. Sutmann & P. Ulmschneider: Acoustic wave propagation in the solar atmosphere. I 243
0.6 T T T C T T T T .
| a P=15s ] 20+ e |
| x 1/2 ] - ]
5 0.4} =~ . o~ f0F
£} 1 1
FE 1 3
z - . > i
g2 | 1 s o B
2 02f . $ I )
5 | ; I :
2 | ] -10 - =
0.0 LANAAJ N La e Il ! NP =20 r 1 ! 1 - ]
0.25[ T — T ] 'y T T T T +=]
F b P=20s ] 20k o
0.20 - -] - 1
:.,‘ I 4 L B
z i ] i )
b [ ] & or 7
= x 1/5 - ~ i E
o5y / / . £ [ )
e L E < :
H ! ] £ o
e 0.10 7 o
o o [
£ - 1 > !
L.? F 1 L 4
© 0.05F ] -10r .
[ ] ]
%8 20} : + : :
I c P=30s | 20k
- . s
g o -
"c" 3
3 041 - o 1of
.s | J ?
Y 1 =3
3 - =
2 | 1 3 0
2 02f - e
5 | !
L ! -10

T T T

8.0 - 4 N i A -20 1 — 1 1 y i
.6 T T v e T T T T p
[ d P=100s ] 20k h ]
L x 1/2 L ]
T} ~ . i ]
= 5 .
3 0.4 -1 o 1oF =
£ 5 . ~ r
\?ﬁ 3 8 \
‘._ - e é 3
x . z i
2 | ] 3 o i
2 02} . s I ! ‘ ‘ ]
5 | ! i ]
e ! | -10} -
r L L A 1 [ ]
0.0 _A oA\ A 1A -20 1 1 i 1
0 20 40 60 80 0 500 1000 1500 2000 2500
frequency v (mHz) time (s)

Fig. 2. Power spectra (left panels) and velocities at height z¢o, = 2000 km (right panels) for an excitation with monochromatic waves of different
indicated periods. The power spectra are shown at the bottom of the atmosphere at height z = 0 km (dashed) and at height z:0p (drawn)
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Fig. 3a and b. Power spectra as functions of frequency and height for the excitation with monochromatic waves a with period P = 15sand b

with P =100 s

where Z(wy,) is a random number in the interval [0,1] and My
a constant Mach number.

d) Exponential spectrum: the partial wave amplitudes decrease
exponentially with frequency. We take

fwn) = A5 exp {—ﬁ} ) ®

Wo
where w, =4 w4 was chosen. The four different types of inci-
dent acoustic wave spectra are shown in Fig. 4.

3. Results
3.1. Excitation by monochromatic waves

On the basis of a pure H™ model we first studied the monochro-
matic waves taking a realistic acoustic flux of Fj, = 1 -
10® erg cm~2s~!. Figure 2 show the power spectra both at the
bottom z = 0 km (dashed) and at Euler height z = 2000 km
(drawn) for waves of period P = 15, 20, 30, 100 s. In addi-
tion, for the four waves, the velocities at height z = 2000 km
are shown as a function of time. The Euler height z = 2000 km
is henceforth called z,,, although our top Lagrange point, due
to the adiabatic nature of our wave calculation, expands to con-
siderably larger Euler heights.

Theright panels of Fig. 2 show thatat z = z,, all waves have
been transformed into sawtooth shock waves and that after about
500 s, that is, in less than 3 cut-off periods, the initial transient
resonance has essentially died out. This resonance results from
the start of the calculation, where the wave propagates into the
undisturbed atmosphere. The rapid decay of the resonance is in
good agreement with the linear results of Paper I for positive
temperature gradient atmospheres. The left panels of Fig. 2 show
both a similar and a distinctly different behaviour compared to
the linear wave calculations in Paper I. The waves of P = 30
and 100 s (Fig. 2c, 2d, 2g, 2h) both show what we would expect
from Paper I. After the decay of the resonance only the exciting
wave survives, together here with overtone components, which
are the Fourier components of the sawtooth wave.

The P = 15 s and, to a lesser degree, the 20 s waves show a
very different behaviour. Figure 2a, 2e and particularly Fig. 3a

show that the P = 15 s wave is almost completely obliterated at
and even much below the height Ztop in favour of a resonance
oscillation at about 8 mHz (125 s) with amplitudes of roughly
2/3 the initial transient resonance of the atmosphere. Although
the P = 20 s wave still shows some of its original wave period
at Zop, the power spectrum indicates that most of the power is
in the low frequencies with a peak near 6 mHz.

There appears to be a critical frequency v, near 40 mHz
(25 s) which separates two domains of radically different res-
onance behaviour. For incident waves with frequency v < v,
the resonance behaviour of the atmosphere is essentially that of
a linear wave excitation. An initial resonance develops, caused
by the switch-on process from starting the calculation. After the
rapid decay of this resonance only the incident wave survives.
For excitation with frequency v > v,,, however, a persistent
resonance behaviour is found. This resonance behaviour is gen-
erated by shock overtakings which act as repeated switch-on
processes.

As in a shock overtaking event a following shock catches
up and merges with a more slowly moving leading shock, it is
clear that this event depends sensitively on the spatial distance
between the two shocks, that is, on the wavelength. Thus shock
overtakings occur more easily for short period waves which ex-
plains the existence of a critical wave period. The differences
in shock propagation speed (which causes the shock overtak-
ings) result from the spatial temperature variations associated
with the resonance oscillations of the atmosphere. The strong
shocks created from the overtaking events rekindle the atmo-
spheric resonance which otherwise would decay.

That shock overtakings can cause long period atmospheric
resonance oscillations and that there is a critical wave period
below which this occurs has also been found by Rammacher &
Ulmschneider (1992). In their calculations, different from our
present computations because radiation damping was included,
they find a critical wave period slightly larger than P = 30 s. It
has been proposed that this process of conversion of short period
wave energy into long period fluctuations could be important for
driving mass loss in red giants (Ulmschneider et al. 1992).

Figure 3 show the height dependence of the radically differ-
ent resonance behaviour in the domains above and below v,,.
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Fig. 4a-h. Power spectra (left panels) and velocities (right panels) for an excitation with four different incident acoustic frequency spectra a box
spectrum, b Gauss spectrum with maximum at P = 35 s, ¢ exponential spectrum, d random spectrum. The power spectra are shown at height
z = 0 km (dashed) and z:0p = 2000 km (drawn), the velocities (according to e box spectrum, f Gauss spectrum, g exponential spectrum, h
random spectrum) at height z:op
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In Fig. 3a it is seen that the high frequency incident wave in
the layers below z = 1000 km gets destroyed by overtaking
shocks (for a time sequence of such an overtaking event see
Fig. 7 of Rammacher & Ulmschneider 1992). Figure 3b shows
that the low frequency wave survives the transit through the at-
mosphere and that there is a height dependent growth of the
overtone spectrum.

Our results on the excitation by monochromatic waves are
in good agreement with those of Kalkofen et al. (1994, their Fig.
9), who took a much wider atmospheric slab. Their wave with
P =37 s shows the v < v, behaviour below 15 scale heights
in agreement with us, but at greater heights in their initially
isothermal atmosphere these waves due to shock overtaking get
completely destroyed, with only the resonance oscillation sur-
viving. This shows that the critical frequency v, in principle, is
afunction of height, because in a wider atmospheric slab, longer
period waves will be able to overtake. However, the choice of
the atmospheric slab is not arbitrary as will be discussed below
in Sect. 3.6.

As it has been suggested that interaction with the non- prop-
agating photospheric 5 min oscillation may feed energy into the
chromospheric oscillation we test if the inclusion of the 5 min
oscillation changes the above results. We superpose over the
piston motion an additional velocity excitation with amplitude
us = 1.5 - 10° cm/s and period P = 300 s. We find that the
behaviour at z;,, does not change compared to the case without
the 5 min excitation. The same critical frequency with complete
separation of the response regimes was found. In none of the
cases did the 5 min oscillation survive to the top of the atmo-
sphere. This is in agreement to our linear results of Paper I, were
we found that compared to the propagating part of the spectrum
essentially nothing survives of the evanescent part.

An interesting case which we have not computed is that of
a continuous monochromatic excitation by a 5 min oscillation
shown by Kalkofen et al. (1994). As we expect, it is seen that in
this case the incident evanescent wave is severely damped but
that the strong harmonics which are in the propagating region of
the spectrum show the typical behaviour of these waves already
discussed.

3.2. Excitation with acoustic frequency spectra

For an excitation with an acoustic frequency spectrum there is
no defined wave period or wave amplitude in timespans small
compared to times At = 1/Av, where Av is the frequency
interval of the equidistant frequency grid. As the formation of
shocks depends on both the wave period and the amplitude, one
does not have a well defined shock formation height. In addition,
as shocks of different strength have different speeds, a spectrum
more easily leads to shock overtakings. As discussed above, we
investigated four different spectra with 101 frequency points
each, spaced by Av = 0.5 mHz. The lowest frequency point was
about a factor of 0.7 below a cut-off frequency v4 ~ 5 mHz,
while the highest frequency was about a factor of 11 greater.
The left panels of Fig. 4 show the power spectra of the ve-
locity oscillations at the bottom z = 0 (dashed) and at the Euler
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Fig. 5. Relative power in the band < 10 mHz as a function of height
for the Gauss spectrum and four indicated initial atmosphere models

height z;,, (drawn) for our four input spectra, together with
the velocities (right panels) at height z;,,. Despite the very dif-
ferent input at the bottom it is seen that the power spectra at
Z = zgop differ very little. In all four spectra a dominant peak at
v = 6 —7 mHz is seen at that height. There is the tendency in all
spectra that the low frequency resonant contributions dominate.
This is due to the fact that the shock overtakings, that is, the
stochastic nature of the spectra prevails. It is seen from the right
panels of Fig. 4 that the shock overtakings have primarily con-
sumed the short period wave components such that little high
frequency wave power survives at height z;p.

The dominance of the resonance frequency component is
clearly not the result of an initially large low frequency wave
contribution. This is seen in the power spectrum of the expo-
nential spectrum (Fig. 4c), where an initial maximum at 4 mHz
is shifted to 7 mHz at z;,p,. The reason for the similarity of the
four spectra is simply the stochastic resonances produced by the
process of shock overtaking.

The general behaviour found for our spectra displayed in
Fig. 4 agrees well with that found by Kalkofen et al. (1994).
It also agrees with that found by Fleck & Schmitz (1993) who
consider similar acoustic spectra, although they found some-
what larger resonance frequencies and a much broader spec-
trum. We attribute these differences to the low energy flux they
took (see discussion to our Fig. 7 below). In addition we notice
a persistent systematic height-independent flow in all of their
velocities which we do not find in our work or that of Kalkofen
et al. (1994). As from the expansion of the topmost mass point
we would expect a flow which increases with height (see Sect.
3.6 below) in the Euler frame, we suspect that this systematic
flow may be caused by their boundary conditions.

Same as in the case of monochromatic waves we have super-
posed an additional 5 min oscillation over our four wave spectra.
To compare the results we, took the same mechanical energy
fluxes as in the case without superposition. For a Gauss spec-
trum the resulting power spectrum at height z;,y, is displayed in
Fig. 6a. It is seen that there is essentially no change compared
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to the power spectrum (Fig. 4b) without the 5 min oscillation.
The same result was found for the superposition of the 5 min
oscillation over the other three acoustic spectra. This contradicts
results from Fleck & Schmitz (1993) who found that the 5 min
oscillations strongly modified the low frequency spectrum: “It
is only here in case 4 with the additional 5 min component ...
where we see 3-min oscillations in the chromosphere”. Even a
switch-on effect by the onset of a strong 5 min oscillation will
not affect the low frequency spectrum much because of the rapid
decay of the resonance as already noted in Fig. 2 and as also
seen in Fig. 4. The much more frequent shock overtakings of
the acoustic spectrum dominate the low frequency behaviour.

The reason for the negligible influence of the 5 min oscilla-
tion for both the acoustic spectra and the monochromatic waves
as discussed above is that these waves are non-propagating and
thus are damped as a function of height (see Paper I). This damp-
ing effect with height is readily seen in Fig. 6b which displays
the fraction of the power below 10 mHz as a function of height
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for the wave calculations both with and without an additional
5 min oscillation. At z;,p, the power below 10 mHz is roughly
60%.

Changing the shape of the spectra, e.g. the position of the
maximum P, of the Gauss spectrum did not alter much the
resulting power spectrum from that found in Fig. 4, nor was the
power spectrum influenced much by the number of frequency
points. The power spectra at z;,, moreover were similar to those
produced by excitation with monochromatic waves of frequency
greater than the critical frequency v,..

3.3. Dependence on the atmosphere model

We have checked whether the power spectra at z = 2o, de-
pended on the atmosphere models used. Calculations with the
radiative equilibrium model H™ + Mg II k, the VAL-C model
and the isothermal model with T = 5000 K did not change
much the power spectra at z;,,. This is seen in Fig. 5 which
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displays the relative power below 10 mHz for all four models.
This in agreement with Fleck & Schmitz (1993) we attribute
to the fact that our strongly nonlinear waves destroy the initial
atmospheric structure.

3.4. Dependence on the mechanical energy flux

We now discuss how the total incident mechanical flux affects
the response of the atmosphere. We have studied the Gauss
spectrum with P,,,, = 35 s, taking total integrated incident
fluxes of Fipy = 1-10°, 1-107, 1-10%, 1-10%ergcm—2s~1. As
shown in Fig. 7 we found that the power spectra at height 2y,
regardless of the initial flux Fyy, peak at 6 — 7 mHz, and are
very similar to those of Fig. 4, except for the spectrum with the
lowest flux, which is considerably broader in the low frequency
band. In addition we found that with larger Fs the width of the
resonance peak of the power spectra is narrower, the relative
fraction of power < 10 mHz is larger, the shock formation
occurs earlier, the number of shock overtakings is greater and
the heights where overtakings start to occur is lower. All these
properties can be attributed to the fact that for a more energetic
wave the steepening and the shock formation occurs earlier.
For higher Fj the process of shock overtaking occurs at lower
heights and the created strong shocks more quickly obliterate
the high frequency components.

This interpretation is supported by Fig. 8 which displays
the relative fraction of power < 10 mHz as a function of height
for the four energy fluxes F)s. Figure 8 shows that for greater
initial flux more energy is converted into the low frequency band.
This process is also seen in Fig. 9a where the maximum shock
strength Mg is plotted which occurs at a given height. Figure 9a
shows that the shock strengths due to shock overtaking increase
with height in a rather discontinuous manner. It is also seen that
with increasing Fjs strong shocks occur at progressively lower
heights.

3.5. A universal average shock strength

At this point we want to discuss a fairly surprising result. For
a given height z consider a height range z + Az with say
Az = 100 km. In this height range we monitor all shocks,
add up the shock strengths, and divide by the number of shocks.
This crudely gives an average shock strength Mg per shock. As
seen in Fig. 9b this average shock strength has a roughly con-
stant value Mg ~ 1.5 for all four wave calculations with differ-
ent initial flux F),. Figure 9c shows the corresponding shock
strengths Mg for monochromatic wave calculations using the
same four initial energy fluxes and a period of P = 35 s. The
shock strengths of Fig. 9b and 9c agree because of our choice
of the monochromatic wave period. Due to the limiting strength
behaviour of monochromatic waves (Ulmschneider 1991) the
shock strength is proportional to the wave period and thus can
be chosen by selecting the right period.

Independent of the initial energy flux, of the type of the ini-
tial spectrum and largely independent of the solar atmosphere
model we find that the acoustic spectra produce average shock
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Fig. 8. Relative power in the band < 10 mHz as a function of height
for the Gauss spectrum and four indicated initial energy fluxes Fias

strengths which correspond crudely to monochromatic waves
of period P = 35 s for the Sun. A similar universal strength of
shock waves has been postulated by Ulmschneider (1990) on
basis of acoustic energy spectra calculated from stellar convec-
tion zones and from limiting shock strength arguments. It was
found that this universal shock strength applied to all late-type
stars, irrespective of the effective temperature T, s¢ and grav-
ity g. This tempted us to investigate whether the same average
shock strength would also appear in acoustic wave spectrum
calculations for stars other than the Sun.

We thus performed a similar acoustic wave calculation for
a red giant star with .5y = 5012 K and log g = 3 described
by Cuntz et al. (1994). Here the acoustic spectrum had to be
scaled according to the much lower acoustic cut-off frequency
v=uw/@2m) =~ 1-107* Hz of the giant, to ensure that one is
in the propagating acoustic wave band, generated in the giant’s
convection zone (see Musielak et al. 1994; Cuntz et al. 1994).
We were quite surprised to find (see Fig. 9d) that indeed the
same average shock strength of Mg = 1.5 was found as in the
case of the Sun, which means that this shock strength may be
a universal quantity. Because the physical significance of this
result and its possible similarity to the limiting shock strength
results is not easily elucidated, we reserve a detailed discussion
of this effect for a later investigation.

3.6. The expansion of the atmosphere

‘We now discuss a considerable shortcoming of the present inves-
tigation. We have seen that computations with realistic acoustic
energy fluxes invariably lead to shocks and shock overtaking.
Shock overtaking, where two shocks combine to form a single
stronger shock, affects not only the heating but also the mo-
mentum deposition onto the gas. It thus is not surprising that
our calculations show extensive expansions of the upper parts of
our atmosphere models. This in our case is almost exclusively
due to the neglect of radiation, that is, to our adiabatic approxi-
mation. The dissipated shock energy instead of going primarily
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Fig. 9. a Maximum shock strength M5 as a function of height for the Gauss spectrum and different initial energy fluxes Finr. b Average shock
strength Ms of the Gauss spectra. ¢ Shock strength M as a function of height for monochromatic acoustic waves of different initial energy
fluxes Fas. d Maximum (drawn) and average shock strength M s (dashed) of acoustic waves in the atmosphere of a red giant of T s = 5012 K
and log g = 3, excited by a Gauss spectrum

into radiation, in our case almost exclusively goes into the ex-
pansion of the medium.

3000 T 1

Figure 10 shows the time development of the Euler heights
of 12 mass elements (Lagrange points) spaced at equal height 1
distances over our initial atmosphere model. This model has a
minimum of 110 height points plus two infinitesimally close
height points for each of the roughly 20 shocks present. In the
course of the calculation the topmost Lagrange point in the cal-
culation (with an initial flux Fj; = 108 erg cm~2s~!) has moved
(during the timespan At = 3000 s since the start of the calcu-
lation) to a height of 1.3 - 10*km from the original position
at 1700 km. For F; = 10°, 107, 10%ergcm~2s~! and the
same timespan the corresponding heights are 4300, 7000, 2.7 -
10* km. This demonstrates that the greater the energy flux, the
more violent is the expansion. The explanation for this is found
from Fig. 9a, which shows that the highest wave flux creates

Fu. = 14108

10 15
height (x1000 km)

Fig. 10. Time development of the Euler heights of mass elements which

not only the strongest shocks, but also forms them at the lowest
height.

In atmospheres with radiation damping, most of the wave
energy is spent to balance the chromospheric radiation loss and

were spaced at equal distance in the initial atmosphere

very little goes into expansion (see e.g. Cheng 1992). Moreover
mechanically heated radiating atmospheres of solar type stars
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spectrum and b for monochromatic waves of period P = 35 s. In the latter panel also for monochromatic waves of P = 60 s and P = 100 s with

the energy flux Fas = 1 - 10® erg cm™2s™!

always suffer a “heating catastrophe”, that is, a situation where
heating overwhelms the cooling and leads to a rapid transition
layer temperature rise which limits the extent of the chromo-
spheres (Rammacher & Ulmschneider 1992; Cuntz et al. 1994).

For this reason we have restricted our investigation to Euler
heights of less than z;,, = 2000 km, the observed extent of
the solar chromosphere. As seen from Fig. 10 we retain more
than 50% of our mass points in that height range which provides
sufficientresolution for our purpose. This is particularly so as the
shocks are treated with individual height points and the sawtooth
shape of the waves can be represented well with a small number
of points. However, there is a noticeable flow superposed even
over our restricted height slab which may influence our results in
an unforseeable way. In subsequent work we therefore intend to
repeat the calculations with the inclusion of radiation damping.

3.7. Heating rate as a function of height

Let us finally discuss the dissipation characteristics of our wave
calculations and the amount of mechanical energy transmitted
through the atmosphere. In Fig. 11a the behaviour of the to-
tal acoustic flux as a function of height is shown for a Gauss
spectrum with P, = 35 s and four different initial energy
fluxes Fs. Very similar dissipation curves versus height, as al-
ready discussed in Sect. 3.5 for the average shock strength, are
also found for the other spectra. As comparison, Fig. 11b shows
the same calculation for a monochromatic wave with period
P = 35 s. Here two cases with periods P = 60 and 100 s are
also shown. It is seen that the acoustic spectra do not lead to
a greatly different dissipation behaviour, although they show a
more gradual dissipation. However, the flow discussed in the
last section could influence this dissipation characteristic. This
question will be addressed in greater detail in a subsequent pa-
per.

For the ratio of the energy flux in the frequency band
< 10 mHz emerging at the top of the atmosphere to that en-

tering at the bottom we find the following transmission fac-
tors 7 = Fpf stop/Frr0: 0.5%,1.1%,1.2%,1.7% for Fiy =
1-10%1-107,1-10%,1 - 10° ergcm~2 s~!, respectively, for
the acoustic spectrum, and 0.1%,0.3% for the monochromatic
spectrum with P = 20, 15 s and Fy; = 1 - 108, respectively.
The power in the < 10 mHz band constitutes 35% to 60% of
the total power and goes up with increasing F.

4. Conclusions

From our time-dependent wave calculations in various solar at-
mosphere models excited by acoustic waves with realistic am-
plitudes we draw the following conclusions:

1. For excitation with monochromatic waves a critical frequency
Ver 1s found which separates domains of drastically different
resonance behaviour. When excited by waves with frequencies
v < V., the atmospheric resonance decays rapidly with time, in
a similar manner as in the small amplitude wave case of Paper
I. For excitation by waves with v > v,,, persistent resonance
oscillations are found which are caused by shock overtakings.
This case is very similar to an atmosphere excited by a stochastic
frequency spectrum discussed in Paper I. Our results are in good
general agreement with those of Kalkofen et al. (1994).

2. Excitation by acoustic spectra always leads to the v > v,
behaviour. Independent of the spectral shape, the wave energy
and the atmosphere model, acoustic spectra generate persistent
resonance oscillations with frequencies concentrated at v = 6 —
7 mHz. These results are in good general agreement with those
of Fleck & Schmitz (1993) as well as Kalkofen et al. (1994).
3. Adding an evanescent photospheric 5-min oscillation of ob-
served amplitude did not change the resulting power at z =
2000 km height. This is the case both for monochromatic and
acoustic wave spectra. 5-min oscillations thus do not play a role
in the energy balance of the chromosphere.

4. Shock heating by acoustic spectra is roughly similar to that
of a monochromatic wave of period 35 s.
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5. Due to the process of shock overtaking, higher initial acoustic
fluxes lead to larger fractions of low frequency v < 10 mHz
power.

6. Irrespective of the initial spectral shape and energy and even
of the gravity and effective temperature of the star, a universal
average shock strength Mg = 1.5 is found in our wave calcula-
tions. The significance of this is not yet fully understood. It will
be discussed in subsequent work.

7. Due to our adiabatic treatment, considerable mass flows and
unrealistic extensions of our atmospheric slabs occur. It thus
is of great urgency to repeat these calculations with radiation
included.
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